To use cardiac magnetic resonance (CMR) imaging with quantitative T2 mapping as surrogate for myocardial water content in patients with advanced decompensated heart failure (ADHF), compare these values with T2-values observed in chronic heart failure, and evaluate the change with decongestive therapy.
Introduction
Congestion, with accumulation of interstitial oedema fluid, is a hallmark sign of the heart failure syndrome. In general, interstitial oedema occurs when the equilibrium between two competing forces (i.e. hydrostatic and colloid osmotic forces) becomes disturbed, resulting in an increased net fluid filtration rate, as originally described by Starling. 1 The Starling equation can also be applied to describe the principles that govern myocardial interstitial fluid balance and may help to understand the pathophysiology of global myocardial interstitial oedema. 2 Global myocardial interstitial oedema has been described mostly in animal experiments studying the effects of acute and chronic pulmonary hypertension, coronary sinus pressure elevation, and acute osmotic challenges (i.e. hypoproteinaemia or cardiomyocyte exposure to hypotonic solutions). 3 -7 In these circumstances, it emerges in response to increased coronary microvascular hydrostatic pressure or decreased capillary colloid osmotic pressure. When microvascular fluid filtration rate exceeds lymphatic fluid removal capacity, excess accumulation in the myocardial interstitium ensues, causing a rise in myocardial interstitial pressure. 2 Formation of global myocardial interstitial oedema, by increasing ventricular stiffness, may compromise both systolic and diastolic function. 4, 5, 7 The presence of global myocardial oedema and its contribution to cardiac dysfunction in advanced decompensated heart failure (ADHF) remain insufficiently elucidated because this condition has never been established by conventional T2-weighted cardiac magnetic resonance (CMR) imaging techniques. Conventional T2 image interpretation depends on regional differences in myocardial signal intensity, as can be observed in acute coronary syndromes, myocarditis, or takotsubo syndrome. 8 -13 However, such regional differences are absent in the setting of global left ventricular myocardial oedema. Quantitative T2 mapping was recently shown not only to overcome some of these main technical limitations of the classic T2-weighted sequence but importantly also to provide a direct quantification of myocardial T2-values in vivo, as surrogate for myocardial water content. 14, 15 This exploratory study was set up with four main objectives: (i) to quantify global left ventricular T2-values in patients presenting with ADHF and clinical signs of volume overload, (ii) to compare these values with T2-values observed in stable outpatients with chronic heart failure, (iii) to evaluate the change in global left ventricular T2-value of individual patients after heart failure therapy and relate these changes with haemodynamic improvements, and finally (iv) to compare the change in global left ventricular T2-value after decongestion with the change in T2-value of skeletal muscles (i.e. the psoas muscle).
Methods

Study population
Consecutive patients, presenting with ADHF according to their treating cardiologist, were screened for participation in the study. Eligible patients fulfilled all of the following inclusion criteria: (i) age .18 years, (ii) presence of at least two clinical signs of volume overload (i.e. oedema, ascites, or pleural effusion), (iii) left ventricular ejection fraction ≤40%, and (iv) agreement with the placement of a pulmonary artery catheter for study purposes. Exclusion criteria were as follows: (i) evidence of an acute coronary syndrome, (ii) primary valve disease as the cause for heart failure, (iii) presence of a pacemaker or other cardiac device not compatible with CMR imaging, (iv) clinical presentation and CMR imaging findings suggestive of active myocarditis, (v) need for inotropic support or ventricular assist devices including the use of an intra-aortic balloon pump, (vi) need for endotracheal intubation and/ or mechanical ventilation, and (vii) renal replacement therapy or ultrafiltration at any time point during the study period. In addition, a control group of stable outpatients with advanced heart failure, scheduled for cardiac resynchronization therapy device implantation, was recruited. The study complies with the Declaration of Helsinki, and the locally appointed ethics committee has approved the research protocol. Written informed consent was obtained from every patient before any studyspecific procedure was performed.
Cardiac magnetic resonance imaging
After clinical evaluation and comprehensive screening echocardiography, the patients were transferred to the radiology department, where they underwent a standardized CMR protocol using a 1.5-T CMR system with 8-element phased-array cardiac coil (MAGNETOM Symphony Tim, Siemens Medical Solutions, Inc., Erlangen, Germany). First, multiplane, balanced steady-state free precession (SSFP) cine imaging was performed, suitable for volumetric analysis. Cine images were obtained in the horizontal long-axis, vertical long-axis, threechamber, and contiguous short-axis planes. Real-time cine imaging with a generalized auto-calibrating partial parallel acquisition acceleration factor of 2 was used for subjects unable to breath-hold. Left ventricular end-diastolic volume, end-systolic volume, and ejection fraction were measured using Simpson's method and indexed according to body surface area (Mosteller formula). Next, T2 maps were obtained in a mid-short-axis plane using a T2-prepared single-shot SSFP sequence as previously described in detail.
14 Briefly, T2 maps were generated by acquiring three T2-weighted images, each image with a different T2 preparation time (0, 24, and 55 ms, respectively; repetition time three times the RR interval; total acquisition time of 7 heartbeats). To correct for possible motion between the three images, a fully automated nonrigid registration algorithm was used. 16 The signal intensity of corresponding pixels in the three images, thus becoming a function of T2 decay, was then fitted using a linear two-parameter model after logarithmic transformation to derive the T2-value of each pixel. The global left ventricular T2-value was measured by drawing a region of interest encompassing all myocardium at the mid-papillary muscle level ( Figure 1) . A similar technique was used for quantifying the psoas muscle T2-value in a separate acquisition. All CMR measurements were performed offline by two experienced reviewers (D.V. and E.W.) blinded to the clinical status of the patient. Myocardial T2-values were independently measured by both reviewers to assess inter-observer variability from 20 randomly selected studies.
Right heart catheterization and heart failure treatment supine position at end-expiration with the balloon-tipped pulmonary artery catheter at steady state. Cardiac output was always measured using the pulmonary artery catheter by the thermodilution method and converted to cardiac index by correcting for body surface area with the Mosteller formula. Under invasive haemodynamic monitoring with the pulmonary artery catheter in place, the patients received vasodilator therapy and diuretics as needed to achieve a pulmonary arterial wedge pressure (PAWP) of ,18 mmHg and central venous pressure (CVP) of ,12 mmHg, while maintaining a mean arterial blood pressure of .65 mmHg. Treating physicians were blinded to CMR imaging results. After haemodynamic targets had been achieved, final haemodynamic measurements were recorded and the pulmonary artery catheter was removed. Subsequently, the patients underwent the same CMR protocol as described above.
Statistical analysis
Continuous variables are expressed as mean + standard deviation, if normally distributed, or otherwise by median (interquartile range). Normality was assessed by the Shapiro -Wilk statistic. The paired Student's t-test and Wilcoxon signed-ranks test were used whenever appropriate to compare repeated measurements. Correlations were assessed using Spearman's r. Inter-observer agreement for measurement of global ventricular T2-value measurements was assessed using the intra-class correlation coefficient, by use of a two-way random model both for consistency and for absolute agreement. Statistical significance was always set at a two-tailed probability level of ,0.05. All statistics were performed using IBM w SPSS w (version 22.0 for Windows). All authors had full access to the data and contributed to the writing of the manuscript. Together, they take responsibility for the integrity of the data and agree to the report as written.
Results
Study population
Eighteen ADHF patients fulfilled all inclusion and none of the exclusion criteria and constitute the study population. None of these patients were in acute respiratory distress, and all were presumed to be able to lie in the semi-supine position for about 20 min during CMR imaging. In all patients, image quality was sufficient to perform global left ventricular T2 measurements. In addition, a control group of 11 patients with stable advanced heart failure with reduced ejection fraction was recruited. Baseline characteristics of the study population are presented in Table 1 . ADHF patients presented with low cardiac index (2.08 + 0.59 L/min/m 2 ) and high cardiac filling pressures (PAWP ¼ 25 + 7 mmHg and CVP ¼ 14 + 5 mmHg).
Other haemodynamic data are summarized in Table 2 . After heart failure treatment during 4 (4-5) days, the patients had a significant ADHF, advanced decompensated heart failure; HF, heart failure; NT-proBNP, N-terminal of pro-B-type natriuretic peptide.
and CVP (26 + 5 mmHg; P , 0.001). Net fluid balance during the first 72 h was 22500 mL (21840 mL; 24000 mL).
Volumetric measurements
CMR imaging results at baseline and after heart failure treatment are reported in Table 3 . Follow-up CMR measurements were obtained 2 + 2 days after the final invasive haemodynamic measurements. Overall, the patients had a significant decrease in end-diastolic and end-systolic ventricular volumes as well as a significant increase in ejection fraction of both the left and the right ventricles ( Table 3) .
The correlation between decrease in cardiac filling pressure and decrease in end-diastolic volume was poor (r ¼ 0.148, P ¼ 0.558 for the correlation between PAWP and left ventricular end-diastolic volume change; r ¼ 0.174, P ¼ 0.552 for the correlation between CVP and right ventricular end-diastolic volume change).
Global left ventricular T2-values at baseline and after decongestion
At baseline, the global left ventricular T2-value was 59.5 + 4.6 ms, decreasing significantly to 55.9 + 5.1 ms after heart failure treatment (P ¼ 0.001; Figure 2 ). Except for two patients, all had a lower global left ventricular T2-value after decongestion when compared with baseline. Those two patients, in comparison with their peers, also had the lowest net fluid loss during the first 72 h of heart failure treatment (+250 and 2800 mL). Overall, there was no significant correlation between net fluid loss and global left ventricular T2-value decrease after decongestion (r ¼ 0.339, P ¼ 0.199). In the control group consisting out of 11 patients with stable advanced heart failure, global left ventricular T2-value was 54.7 + 2.2 ms, which was significantly lower when compared with baseline values in ADHF patients (P ¼ 0.001) but similar compared with values observed after decongestion (P ¼ 0.580).
Psoas muscle T2-values at baseline and after decongestion
The psoas muscle T2-value was 38.6 + 4.4 ms at baseline, which did not change significantly after decongestion (37.8 + 4.8 ms; P ¼ 0.397; Figure 3 ). There was no significant correlation between net fluid loss and change in psoas muscle T2-value (r ¼ 0.370; P ¼ 0.175).
Global left ventricular T2-value change and haemodynamic improvements Psoas muscle water content, assessed by quantitative T2 measurements, did not change significantly after heart failure treatment.
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(r ¼ 0.783; P , 0.001), while there was a more moderate, nonsignificant correlation with the change in CVP (r ¼ 0.472; P ¼ 0.056). Each 1 ms decrease in global left ventricular T2-value was associated with a 1.14 + 0.40 mmHg decrease in PAWP (P ¼ 0.013), after correction for age and gender ( Figure 4 ).
Inter-observer agreement for global left ventricular T2-value measurements
The intra-class correlation coefficient was 0.94 (95% confidence interval ¼ 0.89 -0.97) for consistency and 0.93 (95% confidence interval ¼ 0.85-0.97) for absolute agreement between two observers, indicating high inter-rater reliability of global left ventricular T2-value measurements (Supplementary Figure 1-3 
online).
Discussion
This study provides several pivotal novel insights into the pathophysiology of ADHF. First, it was clearly demonstrated that the state of ADHF is characterized by the presence of global myocardial oedema. Indeed, at the moment of presentation with decompensation, global left ventricular T2-values were 59.5 + 4.6 ms in our study population, compared with 52 -58 ms, which is considered the normal physiological range dependent on sex and age. 14,15,17 Second, after successful heart failure treatment, global left ventricular T2-values decreased significantly to 55.9 + 5.1 ms, which was well within this range and similar to values observed in stable outpatients with advanced heart failure but without any signs of volume overload, scheduled for cardiac resynchronization therapy. In contrast, T2-values in psoas muscle did not change significantly with decongestion, suggesting that the heart, when compared with central skeletal muscle, is much more sensitive to changes in microvascular fluid exchange during decongestion in ADHF. However, the correlation between quantitative myocardial T2-value change and net fluid balance was poor and non-significant, as was the correlation between ventricular volume and pressure changes. In contrast, there was a good correlation between the change in global left ventricular T2-value after decongestion and concomitant haemodynamic improvement reflected by the drop in left ventricular filling pressure. It has been demonstrated before that left ventricular diastolic pressure and PAWP correlate well with left ventricular end-diastolic volume in the presence of normal ventricular compliance, but the correlation is poor when compliance is decreased as filling pressures become more afterload dependent. 18 Indeed, our results suggest that unloading the ventricle, more than merely relief of volume overload per se, may be essential to obtain relief of myocardial oedema. Microvascular fluid exchange in the myocardium, similar to other organs, is characterized by the fluid filtration rate (J V ) and myocardial lymph flow rate (Q L ; Figure 5 ). J V is determined by the StarlingLandis equation 1 :
where K f is the hydraulic constant that is dependent on the filtration area and permeability characteristics of the micro-vessel, P C is the hydrostatic pressures in the capillary, P I is the hydrostatic pressures in the interstitium, s is the reflection coefficient for albumin, p C is the colloid osmotic forces in the capillary, and p I is the colloid osmotic forces in the interstitium. J V equals Q L under normal circumstances as all fluid that enters the cardiac interstitium is returned to the systemic circulation by lymphatic flow. This is because myocardial interstitial compliance is normally very low, propelling fluid into the lymphatic vessels. 19 Because these vessels have unidirectional valves, myocardial contractions force lymph flow back towards the central venous compartment. Because myocardial interstitial pressure, opposing filtration forces and hence J V , is so high during systole ( 120 mmHg), ultrafiltration only occurs during diastole. 20 Subsequently during systole, excess interstitial fluid is returned to the systemic circulation through lymph flow. The Frank-Starling mechanism implicates that when diastole is prolonged, which increases ventricular filling (cardiac preload) as well as microvascular ultrafiltration time, a more forceful contraction follows, hence stimulating lymph flow and resulting in a balanced microvascular fluid exchange. In ADHF, there are several reasons why J V and Q L might become unbalanced, leading to excess myocardial interstitial fluid (i.e. oedema; Figure 5) . First, the Frank -Starling mechanism is disturbed in heart failure because of myocardial dysfunction, potentially leading to systolic contractions unable to generate adequate lymph flow. 21 Second, ADHF is a state of inflammation and oxidative stress with activation of multiple humoral and cellular mediators, which might augment microvascular permeability. 22, 23 Third, venous congestion occurring in the majority of ADHF patients impedes lymph flow as a higher pressure needs to be overcome to generate lymph flow. Moreover, once the myocardial interstitial volume starts to increase, compliance decreases dramatically, enhancing further oedema formation (oedema begets oedema). 19 Indeed, we found that global left ventricular T2-values were clearly elevated in a population presenting with ADHF and clinical signs of volume overload, although not to the extent seen in acute coronary syndromes.
15 Figure 4 Relationship between the change in global left ventricular T2-value and PAWP with decongestion. There was an excellent correlation between the change in global left ventricular T2-value and PAWP with decongestion.
An important aspect of our study was in vivo documentation of global myocardial oedema, which thus far has not been documented well by CMR. Conventional T2-weighted CMR imaging using a short tau inversion recovery (STIR) sequence has proved useful to detect myocardial oedema when it occurs in a typical regional distribution pattern, as can be observed in acute coronary syndromes, myocarditis, cardiac transplant rejection, or takotsubo syndrome. 8 -13,24 In these situations, long T2 relaxation times of water-bound protons can be used to show oedematous tissue as areas with high signal intensity that appear more or less distinct from normal or remote myocardium. A significantly higher normalized global signal intensity ratio on T2-STIR CMR imaging has been reported in patients with non-ischaemic dilated cardiomyopathy and myocarditis compared with controls. 8, 25 However, characterizing global left ventricular oedema is hampered by the qualitative and subjective nature of conventional T2-STIR image interpretation, which depends on regional differences in myocardial signal intensity. Just recently, Bohnen et al. used a T2-mapping technique comparable with the one used in this study in 31 patients presenting with recent-onset heart failure, reduced left ventricular ejection fraction, and clinically suspected myocarditis. 26 Such a T2-mapping technique overcomes the limitations of the classic T2-STIR sequence and has previously been shown to improve accuracy of oedema detection in acute coronary syndromes. 14,15 Importantly, the current T2-mapping sequence provides an approach to directly quantify T2-values of the myocardium in vivo, as surrogate for myocardial water content, enabling us to serially follow changes in our study population. 27 Although the absolute change in myocardial T2-values after decongestion was relatively small in our particular patient cohort, the consistency of our findings was striking and highly statistical significant. Future efforts should try to dissociate the effects of oedema resolution from the influence of loading conditions and assess T2-value changes with load-independent measures of left ventricular contractility (e.g. the end-systolic pressure-volume relationship). Importantly, this study provides proof of concept that with successful heart failure treatment, one is able to decrease global myocardial oedema. Moreover, acute haemodynamic unloading correlated well with the quantitative decrease in global myocardial oedema. Obviously, improved systolic function in the study population can largely be explained by treatment with diuretic and vasodilator therapy, which alters loading conditions (i.e. pre-and afterload) imposed on the ventricle. Nevertheless, it is tempting to speculate that relief of myocardial interstitial oedema itself may help to improve cardiac function to some extent as well. 2 Indeed, experimental studies have repeatedly shown that formation of myocardial interstitial oedema may directly compromise both systolic and diastolic functions through an increase in ventricular stiffness. 4, 5, 7 The current findings should encourage further studies with serial T2 measurements in heart failure, adequately powered to determine whether discharge values may predict readmission rates.
Study limitations
Some limitations should be acknowledged when interpreting the study results. First, this was a single-centre study with limited sample size, underpowered for clinical end-point evaluation. Therefore, our results should be considered exploratory and hypothesisgenerating. Secondly, it cannot be concluded from this study that global myocardial interstitial oedema causes load-independent cardiac dysfunction. Indeed, both cardiac preload and afterload are influenced substantially by heart failure therapies, and haemodynamic improvements in this study might therefore be due to either a change in loading conditions, intrinsic cardiac function (i.e. contractility), or both. Third, because of logistic constraints, it was not possible to perform the second CMR examination immediately after reaching haemodynamic targets. Consequently, there was a median delay of 2 days between follow-up haemodynamic and CMR measurements. However, if anything, this would be expected to have resulted in an underestimation of the correlation between global left ventricular T2-value decrease and improving haemodynamics. Fourth, this was a population of patients with ADHF, presenting with clear clinical signs of volume overload and severely impaired left and right ventricular functions. Whether our findings also apply to patients with less severe heart failure cannot be determined. In addition, it should be acknowledged that none of the patients in this study were in acute respiratory distress, which would have precluded CMR measurements that require laying in a semi-supine position for at least 20 min. Our results can therefore not be extrapolated to such patients. Importantly, although most study patients experienced CMR imaging during a state of ADHF as unpleasant, no major adverse events occurred and none of the examinations had to be halted before measurements were obtained. Fifth, 22% of patients had atrial fibrillation at baseline. Varying RR intervals may cause different magnetization recovery times, which could have influenced the T2 measurements. However, sensitivity analysis with exclusion of patients in atrial fibrillation did not substantially alter the study results (data not shown). Moreover, with regard to potential motion artefacts in case of irregular or fast heart rhythm, the T2 sequence applied in this study has previously proved to be robust. 16 
Supplementary data
Supplementary data are available at European Heart JournalCardiovascular Imaging online. A 28-year-old Guinean man presented to our emergency department with a 3-month history of fever, weight loss (15 kg), fatigue, cough, and dyspnoea. Physical findings included polypnea, tachycardia, distant heart sounds, and reduced lung sounds on the inferior left side. Laboratory tests showed anaemia and hyponatremia. Chest radiography revealed cardiomegaly and left pleural effusion. Transthoracic echocardiography (TTE) demonstrated ventricular septal bounce and a large pericardial effusion, with fibrinous strands crossing the pericardial space (Panels A and B, arrows; Supplementary data online, Video S1). Cardiac magnetic resonance confirmed the multiloculated pericardial effusion and revealed pericardial thickening (Panel C, arrow; Supplementary data online, Video S2), with strong diffuse and homogeneous enhancement after gadolinium administration, suggestive of active pericarditis (Panel D, arrow). The patient had positive tests for infection with the human immunodeficiency virus, with a viral load of 57637 copies per millilitre. His CD4 T-cell count was 138 per microliter. He also had co-infection for hepatitis B virus. Thoracentesis showed exudative effusion, with adenosine deaminase of 119 units per litter and positive acid-fast bacilli culture.
